Axonemes form the core of eukaryotic flagella and cilia, performing tasks ranging from transporting fluid in developing embryos to the propulsion of sperm. Despite their abundance across the eukaryotic domain, the mechanisms that regulate the beating action of axonemes remain unknown. The flagellar waveforms are 3D in general, but current understanding of how axoneme components interact stems from 2D data; comprehensive measurements of flagellar shape are beyond conventional microscopy. Moreover, current flagellar model systems (e.g., sea urchin, human sperm) contain accessory structures that impose mechanical constraints on movement, obscuring the "native" axoneme behavior. We address both problems by developing a high-speed holographic imaging scheme and applying it to the (male) microgametes of malaria (Plasmodium) parasites. These isolated flagella are a unique, mathematically tractable model system for the physics of microswimmers. We reveal the 3D flagellar waveforms of these microorganisms and map the differential shear between microtubules in their axonemes. Furthermore, we overturn claims that chirality in the structure of the axoneme governs the beat pattern [Hirokawa N, et al. (2009) Ann Rev Fluid Mech 41:53-72], because microgametes display a left-or right-handed character on alternate beats. This breaks the link between structural chirality in the axoneme and larger scale symmetry breaking (e.g., in developing embryos), leading us to conclude that accessory structures play a critical role in shaping the flagellar beat.
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They perform critical roles such as the propulsion of microorganisms and sperm, sensory detection, and transport of fluids in the brain (1) (2) (3) . Although the appearance of motile cilia and flagella can vary in different organisms, it is based on an underlying structural motif: a cylinder of nine microtubule doublets that move lengthwise relative to each other under the action of dynein molecules. The peripheral doublets in the axoneme often surround a central pair of singlet microtubules; the whole structure is then referred to as a "9+2" axoneme. Interestingly, motility does not seem to be contingent on the central microtubules. Motile flagella with three, one, or zero central microtubules (4, 5) have been reported. Dynein molecules are distributed along the length of each of the peripheral doublets asymmetrically. Viewed from the axoneme's basal end, the dyneins are permanently anchored to one doublet and face its clockwise neighbor, where they can attach and move longitudinally. This structural chirality has been invoked as the underlying cause of symmetry breaking in developing embryos (6) . Certain "nodal" cilia present in the early stages of development have been shown to rotate consistently in the same direction, counterclockwise, viewed from the basal end. The collective effect from many such cilia is unidirectional fluid circulation within the embryo, which has been posited to carry certain signaling molecules to their receptors (7) . This symmetry breaking has been shown to have far-reaching consequences. Among other things, it leads to the familiar left-right patterning of organs in the human body (e.g., heart to the left, liver to the right). Although the link between functional cilia and symmetry breaking has been discussed for some time (8, 9) , the proposed link between the axoneme's structure and its motion is more speculative. We note that these nodal cilia do not have a central pair of microtubules (they are "9+0" axonemes), but the chirality in the dynein configuration is the same.
Indeed, although the structure and components of axonemes are fairly well known, the way in which these parts interact to produce beating action remains an open question. A range of medical conditions can arise from cilia and flagella malfunctioning. Understanding how beat patterns arise in correctly functioning axonemes is a critical step in understanding these "ciliopathies" (e.g., hydrocephalus, male and female infertility). Recent theoretical investigations into the hydrodynamics of beating flagella and cilia (10) (11) (12) have made progress in understanding the mechanical constraints governing these structures, how they interact, and what their optimal configurations might be. Several competing hypotheses have been advanced to describe the operating principles of a single flagellum (13-15), but these theories have only been tested by data from conventional (2D) videomicroscopy.
Another factor complicating analysis of experimental data arises from the choice of specimen, in that most experimental studies have used sperm in their model systems. However, sperm vary in morphology and demonstrate a wide variety of swimming patterns, even among the standard models. For example, human sperm tails beat in a quasiplanar fashion in typical physiological
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Cilia and flagella are ubiquitous in eukaryotes, enabling cells to move and pump fluid. Understanding how flagella beat is critical in understanding medical "ciliopathies" (e.g., hydrocephalus, male and female infertility). We introduce a unique flagellar model system: the male microgametes of the malaria parasite Plasmodium berghei. These microorganisms are isolated swimming flagella, unencumbered by large structures such as a cell body (as in Chlamydomonas algae). We measure their 3D beating patterns using high-speed holographic microscopy and find a surprising diversity of waveforms. Structural chirality (handedness) in the flagellum is not manifested in the beat patterns. This interrupts the link between the molecular structure of the flagellum and its dynamics, which was believed to break left-right symmetry in developing embryos. conditions (2); sea urchin sperm can adopt helical or planar beating patterns depending on external conditions (16) , or more complex patterns in proximity to a surface (17) ; and quail sperm exhibit a self-similar hierarchy of meandering structures (18) . The underlying "engine" is a 9+2 axoneme in all cases, but each has a particular set of accessory structures, such as the fibrous sheath found in human sperm (2) . These structures alter the shape (and therefore the hydrodynamics) and introduce passive mechanical constraints to the axoneme, complicating modeling efforts. The biflagellated alga Chlamydomonas reinhardtii is another model system for eukaryotic flagella, for which a number of mutant strains are available. However, in the case of C. reinhardtii, the large cell body (diameter of ∼10 μm) is coupled hydrodynamically to the flagella, influencing their motion (19, 20) .
We have overcome these problems by identifying a unique model system to give uncomplicated access to the beat pattern of a 9+2 axoneme. In recent years, proteomic surveys have revealed that the (male) microgametes of the rodent malaria parasite Plasmodium berghei may be a suitable candidate (21) . In malaria and related Apicomplexan parasites, male and female cells (gametocytes) are taken up into the midgut when an insect vector, typically a mosquito, takes a blood meal from an infected host. In the midgut, gametes are rapidly generated (each male gametocyte produces up to eight microgametes within 10-20 min), and microgametes must find and fertilize female gametes within 30-60 min for the parasites to reach the next stage in their life cycle (22) (SI Text). The microgametes are assembled in the cytoplasm of the male cells and have no intraflagellar transport apparatus, such as that found in the alga C. reinhardtii (23) . In fact, they are structurally simple microorganisms (sketches in Fig. 1 A-C). Wass et al. (21) record that the microgamete contains just four "compartments": the nucleus, the axoneme, the cell membrane, and the cytoplasm. It therefore represents a type of "sperm" stripped down to a bare minimum of functioning components. Mitochondria, accessory structures, the intraflagellar transport apparatus, and a large accompanying "cell body" are all absent, making it an excellent limiting-case model system for understanding the axoneme. This is of particular interest in light of recent experiments where beating action was obtained from "artificial axonemes" composed of a small set of components, either robotic (24) or those containing just three key ingredients (microtubules, motors, and crosslinkers) plus an energy source (3, 25) . The microgametes have a basal body composed of nine microtubule singlets (26) , but unlike most sperm, there is no clearly defined "head" structure. The ultrastructure of the microgametes uncovered by cryo-EM studies (27) shows nuclear material distributed along the axoneme over a length of 1-2 μm. This reduces the effective cross-section of the microgamete, which may be an adaptation to facilitate easy movement between tightly packed RBCs in the mosquito midgut (SI Text).
To identify the mechanical processes underlying the beat pattern and the resulting large-scale swimming dynamics, accurate data on the shape and motion of the flagellum are required. Unfortunately, the beat frequency (typically 10-100 Hz) and the 3D nature of the waveform have proved too challenging for conventional approaches. Digital holographic microscopy (28, Reconstructed volume pixels (voxels), derived from data in D, encompassing the volume occupied by the microgamete. The z axis is the illumination direction. (F) Segmented contour fitted to the voxel data in E. The contour length s increases from tail to head, and the purple axes show the material reference frame, with e 3 lying along the gamete center line, in each segment. (G) Quasihelical waveform. At each joint, the material reference frame rotates about a line in the e 1 e 2 plane, at an angle φ to the e 1 axis. The e 3 vector then points along the next segment. The material reference frame is thus fixed to the underlying structure of the gamete (the microtubules), which allows us to extract the differential shear at each joint. (H) Differential shear map corresponds to the waveform in G. In the absence of twist, the microtubules would lie parallel to the horizontal axis, at an unknown φ offset. The diagonal feature indicates that a wave of sliding has passed circumferentially around the gamete. (I) Example of a quasiplanar waveform. (J) Differential shear in the flagellum (analyzed in the same way as for H corresponding to the waveform in I).
29) allows 3D imaging at frame rates limited by the imaging device, which is a complementary metal oxide semiconductor (CMOS) camera in our case. As a consequence of their "minimal" construction, the microgametes are relatively small objects, ∼10 μm in length (L) and 200 nm in diameter (a) (27) . Their refractive index is close to that of their surroundings, which places them within the Rayleigh-Gans (weak) scattering regime. In this regime, extended objects may be modeled as a superposition of scattering centers lying within the object's volume (30) . We used the Rayleigh-Sommerfeld back-propagation method to reconstruct the optical field away from the focal plane (31) and the Gouy phase anomaly method (32) to localize the microgamete in three dimensions (details are provided in Materials and Methods and SI Text). Unlike previous holographic studies that have tracked the average positions of microorganisms in three dimensions (28, 29, 33) , our approach allows us to measure the position and configuration of the subjects so as to study the swimming strokes in detail.
The goal of this study was to measure and analyze the 3D dynamics of the model flagellar microswimmer P. berghei. We have developed a high-speed holographic microscope that we use to characterize swimming behavior. Using this instrument, we map the differential shear between microtubules in the flagellum in planar and helical waveforms. We also measure dynamic quantities, such as the beat frequency, beat wavelength, and wave speed, and overturn the hypothesis that chirality in the axoneme structure results in chiral flagellar waveforms.
Results and Discussion
Differential Shear Displacement. By examining the instantaneous 3D geometry of a flagellar waveform, we measure the local differential shear displacement (2) between opposite sides of the axoneme, which can be used to estimate the underlying pattern of microtubule sliding. Fig. 1 D-F shows the results of reconstruction based on a single frame of raw data (Fig. 1D) . A volume of interest (VOI) is extracted from the reconstructed optical field (Fig. 1E) , and a contour is fitted through the center of mass of the VOI (Fig. 1F ). This contour takes the form of joints (j) connected by segments (T j ) of a constant length Δs = 0.7 μm (more details and an error analysis are provided in SI Text). To infer the relative sliding of the underlying microtubules, we need to make some assumptions about the axoneme. First, we make a typical assumption that the energetic cost of twisting a straightened axoneme about its length is much higher than the cost of bending the same axoneme (11, 34) . Second, we assume that the relative sliding is minimal (zero) at the basal body of the axoneme. We assign a "head" and "tail" to the axoneme and locate the basal body at the "tail", based on observations of the release of microgametes, the swimming direction, and the shape of the microorganism; this is described in further detail in the section on dynamics. We use the variable s to denote position along the fitted contour, ranging from s = 0 (passive, "tail") to s = L (active, "head"). Third, we assume that only the lowest wavenumber azimuthal modes are allowed (35) . In other words, when the axoneme bends, doublets on the inside of the bend slide forward relative to the centerline and those on the outside slide backward; the others vary smoothly between these extrema. With these assumptions in place, we define a material reference frame (36) that maps to the underlying microtubules, specified by the unit vectors (e 1 , e 2 , e 3 ) ( Fig.  1F ). To infer structural deformations, we examine how this material frame is transformed as we pass along the contour, from s = 0 → L. At each joint, the material frame is rotated about a vector located in the e 1 e 2 plane; this vector is oriented at an angle φ to the e 1 axis ( Fig. 1 G and I) . The material reference frame is rotated about this line, through an angle θ, so that after the rotation, the e 3 axis points along the next segment of the contour.
Given this 3D representation of the microgamete, we can map the differential shear (2, 37), Δðs; φÞ − Δð0; φÞ. This quantity describes the relative sliding of microtubules that produces a particular waveform, in the absence of shearing at the basal body [denoted Δð0; φÞ ] and twist. This highlights the regions where peripheral microtubules would be displaced relative to the centerline, as a function of s and position around the axoneme circumference φ. Fig. 1 G and H shows a reconstructed frame with a largely helical configuration, with its corresponding pattern of differential shear displacement, and Fig. 1 I and J shows a reconstructed frame with a largely planar configuration, with its corresponding pattern of differential shear displacement. Both of these frames were taken from the same gamete and occurred 2 s apart in a video sequence. This change in the flagellar waveform between two relatively closely spaced times is quite remarkable, given that waveforms are usually classified as either planar or helical. The absence of mechanical accessory structures in this microgamete allows a broad variety of waveforms, showing the versatility of the bare axoneme.
Dynamics. By measuring the geometry of flagellar waveforms with high temporal resolution (500 Hz to 1 kHz), we can examine how flagellar beats initiate and propagate (Movies S1 and S2). As previously observed elsewhere, the microgametes swim in two distinctive modes, fast and slow (38) . These swimming modes appear to transport the microgamete in opposite directions, and the forward (or fast) mode was the most prevalent. Fig. 2A shows a spatiotemporal map of flagellar curvature during fast beating. Vector manipulation gives the external bending angle between consecutive segments, T j and T j+1 , as a function of s and time. body: When the microgametes are released (exflagellate) from the gametocyte, they are initially anchored within the cell by the basal body from which they are constructed. As they swim away, the leading "head" end of the microgamete is noticeably more active than the trailing end. More evidence of this is given in the section on average motility parameters, where we find that the basal region shows a smaller average curvature (implying a higher bending stiffness or resistance to sliding).
A curious aspect of fast beating is that the waves of curvature propagate toward the basal body rather than away from it. To our knowledge, this is unique among sperm documented in the literature [although it has been observed in other microorganisms, such as trypanosomes (39) ]. This beat pattern may facilitate the microgamete's exploration of a convoluted substrate (e.g., close-packed RBCs) when searching for female gametes in the blood meal (SI Text and Fig. S1 ). It is energetically efficient to explore an environment and look for paths of least resistance to travel along, and a recent investigation into the motility of the parasite Trypanosoma brucei (40) has shown that swimming speed can be enhanced by the presence of a microstructured substrate (in that case, a 2D array of micropillars). Fig. 2B shows the power spectrum of these curvature fluctuations (averaged over all s values) with dominant harmonic components at 11.3 Hz and 24.9 Hz. Although the beating is clearly periodic, the displacement of the microgamete's center of mass does not share this periodicity and is fairly constant as a function of time. Fig. 2C shows the deviation from a constant swimming speed. A microgamete's center of mass was calculated in each frame over a period of 4 s, yielding a straight-line swimming speed of 6.2 μm/s. The graph shows the deviation of the center-of-mass position from the predicted displacement; no periodic fluctuation of the displacement is apparent.
Waveform Chirality. The 3D nature of our data allows us to obtain quantities that are inaccessible to standard 2D microscopy. We define a local chirality, H, as the angle between a segment (T j ) and the plane formed by the two previous segments (defined by T j−2 ∧ T j−1 ; Fig. 3 A and B) . Fig. 3C shows a spatiotemporal map of chirality derived from the same data as Fig. 2 . The map shows propagating waves of alternating handedness, indicated by the sequential red and blue bands (Fig. 3C) ; these waves are of the same frequency and phase as the bending waves shown in Fig.  2A . The ability to change chirality seems to be a generic feature of microgamete motion because we observed this in every individual in our dataset (n = 24), both in fast-and slow-beating modes. The periodic reversal is somewhat unexpected in light of the axoneme's structural chirality. In contrast to recent theories and experiments suggesting that symmetry breaking in developing embryos occurs because chirality is hard-wired into the axoneme structure (6, 7), we find no evidence of fixed chirality in this mechanically simple axonemal flagellum. We therefore suggest that, in general, mechanical accessory structures are responsible for symmetry breaking. Previous studies of more complex cells, such as sea urchin sperm (17) and trypanosomes (39) , have inferred chiral properties from differential interference contrast (DIC) and dark-field images. However, the beat pattern of P. berghei microgametes is more complex, with no discernible beat plane and varying amounts of planarity in successive beats. Movie S3 has been arranged to demonstrate this aspect of motility. The contour in Movie S3 has been translated and rotated so that the head and tail points of the microgamete overlap on a straight line pointing away from the observer. Successive beats are seen as prominences that intersect this point, appearing as loops of varying area, according to how helical the particular wave is. Curiously, we find no discernible pattern in the orientation or shape of these waves; although successive waves have opposite chirality, their shapes are dissimilar.
To clarify the notion of handedness in flagellar waveforms further, Fig. 3D shows an example of a single frame of data with a left-handed character; segments in the reconstruction in Fig.  3E have been colored according to the scheme in Fig. 3C to indicate local chirality. Fig. 3 F and G shows raw and reconstructed data for a purely right-handed waveform. The handedness of the waveform is not easily attainable from the raw data but may be quantified using the holographic reconstruction. The two segments nearest the (x, y) origin in each reconstruction (obscured in Fig. 3E ) are colored black, because two preceding segments are required to establish chirality.
Average Motility Parameters. The reconstruction of a segmented contour enables unequivocal measurements of motility parameters. In Fig. 4 , we show average values of some parameters obtained from our set of 24 individuals, moving in forward (F) and reverse (R) directions. The frequency, wave speed, and center-of-mass velocity are markedly dissimilar in these different modes (Fig. 4) . Interestingly, the characteristic length of curvature fluctuations ("wavelength") is similar in both cases (averaging 5.6 μm in forward and 4.5 μm in reverse), which matches the diameter of murine RBCs (4-7 μm) (41) . Again, this is suggestive that microgametes may have evolved an adaptation in which swimming speed is enhanced by friction generated from mechanical interactions between cells and obstacles in the environment (40) (more details are provided in SI Text). Fig. 4E shows the average curvature hθi as a function of contour length. We only show data from forward swimmers because the number of reverse swimmers is smaller (n = 5 compared with n = 19 for the forward swimmers). The smaller sample size and lower beat frequency lead to inconclusive hθi data in reverse swimmers. There is a clear head/tail asymmetry, where the average curvature increases toward the "head" (s = L) end of the microgamete and is independent of the actual physical length. This adds extra support to our claim that the relative sliding of microtubules is smaller at the trailing end of the gamete (which contains the basal body). The curvature data are normalized by the total microgamete length L because there is considerable variation (14%) in the length of microgametes (L = 8.4 ± 1.4 μm) that cannot be explained by measurement error (estimated at ±100 nm). This may be a result of variation in the number of microtubules available, or accuracy possible, in the short time available for microgamete synthesis.
Conclusions
We have used high-speed digital holographic microscopy to investigate the 3D dynamics of a eukaryotic flagellum. This method allows us to characterize the waveforms and swimming behavior of the microorganism, as well as giving insight into the action of the underlying microtubules. In presenting our results, we also introduce P. berghei microgametes as model microswimmers. To our knowledge, they are the simplest naturally occurring example of a swimming axoneme (in mechanical terms at least). As a result, they do not suffer from the shortcomings of other models, for example, sea urchin sperm cells or the alga C. reinhardtii, where flagella are attached to a large, hydrodynamically important cell body (19, 20) . Furthermore, the microgametes lack mechanical accessory structures that may help to guide the flagellar beat, instead allowing the axoneme to behave in a less constrained fashion. Last, in contrast to prior assertions regarding a closely related structure, we find that the chirality of the 9+2 axoneme structure does not directly transfer to the overall beating motion. Although both left-and right-handed waveforms have been observed in other species, the use of a mechanically unconstrained flagellum demonstrates that there is no inherent bias in chirality coming from the axoneme. This result, along with the general irregularity of the beat pattern, suggests that mechanical accessory structures play crucial but overlooked roles in determining the dynamics of flagella. This has implications not only for analyzing swimming behavior but for understanding the root causes of symmetry breaking in developing embryos.
Materials and Methods
Microgamete Preparation. We used the rodent malaria parasite P. berghei, line 820cl1m1cl1 (42) . Infections were initiated in male MF1 mice (8-10 wk old), which had been pretreated with phenylhydrazine at 120 mg/kg (2 d before infection) to enhance the production of gametocytes (43) . Five independent infections were initiated with 10 7 parasitized RBCs. Infected blood was collected by tail snip when gametocytes reached maturity (day 4 or 5 postinfection). To stimulate the differentiation of gametocytes into microgametes for each sample, 2 μL of infected blood was added to 1 mL of complete ookinete culture media [900ul RPMI + 100ul FCS (pH 8)] and incubated at 21°C (44) . All of the work involving mice was carried according to the Animals (Scientific Procedures) Act, 1986 and approved by Edinburgh University.
Microscope and Optical Setup. Experiments were performed on a Nikon Ti inverted microscope, with a 60× magnification water immersion objective lens, as described elsewhere (32) . Illumination was provided by a Thorlabs M660L2 high-power light-emitting diode, with a peak emission wavelength of λ ≈ 660 nm and an FWHM bandwidth of ∼40 nm.
Data Acquisition. A Mikrotron MC-1362 monochrome CMOS camera was used to record video images; the camera was connected to a frame grabber card with 1 GB of onboard random-access memory. Video data were initially acquired at 1 kHz with an exposure time of 0.994 ms, but this appeared to be a significant oversampling of the motion of the microgametes. In further experiments, we decreased the frame rate to 500 Hz (1.994-ms exposure time), which was entirely sufficient to capture the dynamics of the beating pattern. No distinction was observed between data taken at different frame rates. Imaging a standard reference chart allowed us to calibrate our image sampling frequency (pixel spacing) as 4.29 pixels per micrometer.
Preliminary Image Processing. Video recordings were edited by hand to extract regions of ∼30 μm on a side with microgametes in them. An example region is shown in Movie S4. For each reduced video recording, a background frame was obtained by averaging a series of images of the same subregion from a period when the microgamete was not present in the images. Pixel values in frames containing microgametes were then normalized (divided) by their values in the background frames to remove the static background contribution in the image and improve the overall signal-tonoise ratio.
Holographic Reconstruction. From each frame, a stack of reconstructed image planes was generated, spaced Δz = 0.233 μm apart. This resulted in an image stack with the same sampling frequency (4.29 samples per micrometer) in x, y, and z. An example image stack is shown in Movie S5.
Image Processing. The image stacks were then subjected to several steps of processing. We first applied spatial bandpass filters in the x-y plane to remove high-frequency pixel noise. We then took the intensity gradient in the z direction, ∂I=∂z, as in previous work (32) . Next, we performed a Gaussian fit on each column of volume pixels (voxels) in the stack at particular xy coordinates [I xy (z)] to isolate the point of highest intensity in the z direction. This volume containing "bright" pixels, one per xy address, was convolved with a 3D Hanning filter. The procedure of fitting and convolution was repeated. The brightest region in the volume was extracted, starting at the voxel with maximum intensity and stepping outward until the intensity dropped to zero. This VOI was then ready for contour fitting.
Contour Fitting. The VOI extracted in the image processing step was reduced and then fitted piecewise with straight line segments. To reduce the size of the VOI, each voxel within it was modeled as the source of a truncated scalar potential, with a radial profile given by
This potential was evaluated at every point in the stack. It should be noted that the VOI shown in Fig. 1E depicts the locations, but not weights, of the voxels. Voxels near the center of this VOI have a significantly stronger weighting (A) than those at the edges. Locations where the potential was greater than a threshold value were set to 1, and those with lower potential were set to zero. The active voxel furthest from the center of mass was used as a starting point, and the VOI was stepped through in increments of Δs = 0.7 μm, tracing the locus of points that lie inside the VOI, furthest from its surface. This chain of points (not including the starting point) makes up the estimate of the microgamete position in each frame.
Data Analysis. Motility parameters (Fig. 4) were extracted from curvature data similar to the representative set in Fig. 2A . To obtain beat frequency, we found curvature as a function of time at each contour joint j and took the power spectrum. A single data point in Fig. 4A represents the mean power spectra over all j values for one microgamete. Wave speed was found by examining the phase of the principal frequency component as a function of j for each microgamete. As waves propagate along the flagellum, there is a phase lag between consecutive joints. Thus, the wave speed was calculated from the distance between each joint, the phase at each joint, and the frequency. Wavelength was found by dividing wave speed by frequency. Although the microgamete never truly adopts a sine-wave shape, the wavelength is a valid characteristic length scale.
